The Canadian Galactic Plane Survey is providing new rotation measures (RMs) for compact extragalactic sources in the Galactic plane at a solid-angle density of roughly 1 source per square degree. To date, we have derived reliable RM values for 380 sources along lines of sight through the disk of the Galaxy in the first and second quadrants. The purpose is to provide a data set useful for studies of the magneto-ionic component of the Galactic interstellar medium (ISM). We present the method used to obtain the measurements and the resulting RMs.
Introduction
Studies of the Galactic magnetic field may be pursued by observing the effect of the field on polarized radiation passing through the regions of the interstellar medium (ISM) which it occupies. The signature of the magnetic field can be observed as a rotation of the polarization angle of the radiation from polarized sources, both Galactic (usually pulsars) and extragalactic (galaxies and quasars). The amount of rotation is characterized by the rotation measure (RM) which is defined by RM = 0.812 n e B · dl [rad] ,
where n e [cm −3 ] is the electron density, dl [pc] is an increment of the path length through the magnetized plasma, and B [µG] is the magnetic field. The sign dependence of the RM resulting from the dot-product between B and the path (defined from the source to the receiver) makes RMs particularly useful in studying the structure of the Galactic magnetic field.
Since observation of these sources provides information on the line-of-sight component of the field, the more sources available for observation, the more information that can be extracted about the field. Many catalogues of RMs for extragalactic sources exist (ex. SimardNormandin et al. 1981; Broten et al. 1988; Clegg et al. 1992; Oren & Wolfe 1995) . However, the majority of the published RM sources are located at high Galactic latitudes, and thus provide little information for studies focusing on the magnetic field within the disk.
The location and resolution of the Canadian Galactic Plane Survey (CGPS) provide a new opportunity to study RM sources with a dense set of sight-lines through the thick disk, where the Galactic magnetic field is generally believed to be concentrated (SimardNormandin & Kronberg 1980; Han & Qiao 1994) . As part of a study of the magnetic field in the disk of the Galaxy (Brown 2002) , we have derived the RM of 380 compact sources within the CGPS in the longitude intervals 115
• ≤ l ≤ 146
• and 82
• ≤ l ≤ 96 • (−3.6 • < b < 5.6
• ). These sources were selected from a larger sample of polarized compact sources to satisfy the following criteria: a) the source has a well-defined polarized component; b) there are enough pixels on the source with suitable signal-to-noise to perform statistical analysis; c) the source is Faraday-thin, meaning it does not exhibit significant internal Faraday rotation; d) the RM is uniform over the area of the polarized component. Such sources are suitable probes of the magneto-ionic properties of the ISM.
A significant fraction (∼ 80%) of compact sources observed in Stokes I at decimeter wavelengths are of extragalactic origin (ie. galaxies and quasars; Taylor et al. 1986; Butenhoff 1997) . Of the Galactic compact sources, most are compact H II regions (Taylor et al. 1986 ). Only a small fraction are non-thermal sources (and therefore possibly polarized) such as compact supernova remnants and pulsars. Consequently, we expect very few of the compact polarized sources to be Galactic objects, and the vast majority to be extragalactic. In what follows, we present the RMs for the selected compact sources, and the method used to derive these values.
The Data
The CGPS is an international collaboration to map a 73
• longitudinal section of the Galactic plane (Taylor et al. 2002) . The goal of the CGPS is to develop a broader understanding of the states and processes of the ISM by observing multiple wavelength emissions from and through the ISM. As part of this project, observations of a 35 MHz band centered on 1420 MHz are carried out using the Synthesis Telescope (ST) at the Dominion Radio Astrophysical Observatory (DRAO; Landecker et al. 2000) . At this frequency, the ST has a resolution of 1 and a sensitivity of 0.28 mJy/beam or 0.071 sin δ K (noise-limited rms). In addition, it detects two orthogonal components of polarized radiation, providing the ability to measure the Stokes parameters.
The central 5 MHz of the 35 MHz band is used to synthesize images in the H I line only, while the remaining 30 MHz constitutes a continuum emission band. In order to reduce the effect of chromatic abberation, the continuum band is filtered into four 7.5 MHz sub-bands, labeled A-D. For the total intensity image (Stokes I), these sub-bands are recombined before the image is CLEANED (Taylor et al. 2002) . For Stokes Q and U , the data are fully processed in the individual sub-bands. As of this writing, about one half of the CGPS data have been processed in polarization.
Calculating Rotation Measures
The process we use to calculate the RMs of compact sources involves three steps, as illustrated in the flowchart of figure 1. In step 1, we identify a source and verify that it is suitable for analysis. In step 2, we calculate the RM for all pixels on the source. In step 3, we use the calculations from the previous step to determine a single RM value toward the source.
Step 1: Source Identification
We identify compact polarized sources by examining corrected linear polarized intensity maps (L c , see equation 12 in the appendix). We define a compact source to be an object which appears in the L c map as a well-defined, bright, emitting region with a diameter no greater than 3 .
Identifying compact sources in L c maps is not always straightforward. Small-scale, structured emission from a foreground 'Faraday screen' can confuse low-intensity, polarized compact sources. A Faraday screen arises from electron density changes and/or magnetic field fluctuations across the sky which can then produce the appearance of structure in the large-scale, otherwise uniform polarized emission from within the Galaxy (see for example Gray et al. 1999) . As a result of the spatial filtering by the ST (Taylor 1999) , signal may appear in the L c maps where there is no corresponding signal in the total intensity maps, an effect first observed by Wieringa et al. (1993) using the Westerbork Synthesis Radio
Telescope. An example of this effect is illustrated in figure 2 with a total intensity image (Stokes I) and an L c image of a mosaic from the CGPS. The upper right quadrant of the L c image contains emission which is not seen in the Stokes I image. To distinguish this effect from true polarized background sources, we examine the Stokes I images to verify the existence of a corresponding compact Stokes I counterpart.
Another issue is that of instrumental polarization resulting from 'leakage' of total intensity (Stokes I) into polarized signal (Stokes Q and U ). For DRAO, this is caused by cross-talk between the left and right circularly polarized detection feeds (Smegal et al. 1997) . The instrumental polarization is calibrated and corrected for in the data processing (Taylor et al. 2002) . Residual instrument polarization errors are less than 1% of I over the CGPS images. We have taken a conservative approach and consider only those sources with fractional polarization (m = L c /I) greater than 2%.
The last requirement for successful identification we place on the data is that the source have sufficient signal-to-noise to produce satisfactory statistics in the following steps of the RM calculations. As a result of the convolution of the sky emission with the synthesized beam of the ST, compact objects appear as a well-defined two-dimensional Gaussian in the images. Therefore, we fit each source with a two-dimensional Gaussian plus a constant offset, and use the parameters to identify the image pixels on the source, as well as an annulus around the source for foreground estimation (see step 2). With the fitted parameters (position, amplitude, major and minor full widths), we identify the pixels falling within the full widthhalf maximum (FWHM) region; that is, the ellipse defining the half peak amplitude of the Gaussian. The pixels within the ellipse are used to calculate the RM of the source. Typically, the number of pixels within the FWHM is between 5 and 15. Of the pixels in the FWHM region, we only use those pixels that have signal-to-noise ratios (S:N) of at least 5:1 (see appendix). If the number of such pixels within a given source is fewer than 5, we discard that source.
Step 2: RM Calculation per Pixel
An effect that must be considered prior to calculating RMs is the presence of polarized emission originating from within the Galaxy in the vicinity of the compact source. This may be considered 'foreground emission' since we are only interested in the polarized signal originating from the source itself. Thus, it is necessary to remove this foreground signal from the Stokes Q and U of the source. One method, implemented by Gaensler et al. (2001) , is to filter the image so that only baselines corresponding to scale sizes on the order of compact sources are used, which effectively removes all large-scale contributions from the image. Similarly, the ST effectively removes the largest scale foreground corresponding to structures of scale sizes larger than 40 . We remove residual foreground emission from smaller-scale structures by measuring the emission in the region around the source and removing the median signal. Since Stokes parameters combine additively for independent waves (Thompson et al. 2001) , we may consider the measured signal in Stokes Q (or U ) as the sum of two signals, such that Qobserved = Qsource + Qforeground, then an estimate of the foreground can be subtracted from the observed signal for a given source.
To provide an estimate of the foreground, we adopt the following procedure. Using the Gaussian fit parameters, we determine an annulus of width 1 with an inner radius of 2.57×FWHM (1/100 peak emission). This is sufficiently far from the source pixels, yet close enough that the signal measures the foreground adjacent to the source. We then determine the median value of the pixels within this annulus for each band of Stokes Q and U . Typically, about 100 pixels lie within the annulus. We subtract these foreground estimates from the corresponding FWHM pixels of the compact source. An example of a polarized source, the FWHM region and the foreground annulus region, is illustrated in figure 3 .
The polarization angle, τ , is defined to be
within the range of 0 • to 180
• . Measured polarization angles are assumed to be the 'wrapped' result (ie. within the defining angle range) of some initial polarization angle, τ o , plus a contribution from Faraday rotation such that
where τ is the 'unwrapped' polarization angle. RMs are therefore calculated as the slope of the graph of unwrapped polarization angles versus the square of corresponding the wavelengths.
In previous studies, where the observation frequency bands were often several GHz apart, unwrapping the polarization angles and calculating the RM was carried out using an iterative approach, where integer multiples of π are added to the different bands until the residual on the corresponding fitted slope is minimized (ex. Simard-Normandin et al. 1981; Clegg et al. 1992) . A significant advantage of the ST data is that the four sub-bands are so closely spaced we can calculate RMs directly and unambiguously using information from Stokes Q and U which would normally be lost when calculating polarization angles.
Previously determined RMs in the CGPS region range in magnitude from roughly 10 to 1000 rad m −2 . A RM of 1000 would correspond to a polarization angle difference between the two central sub-bands of 49 degrees. Similarly, a polarization angle difference of 90
• would correspond to a RM of 1840 rad m −2 , larger than what we expect based on previous measurements. As a result, we can use Stokes Q and U to directly unwrap the polarization angles in the following way. We consider a vector defined by Stokes Q (x axis) and Stokes U (y axis), and call it the 'QU vector'. The phase differences between QU vectors in adjacent subbands will be twice the polarization angle differences (see equation 2), and since the expected polarization angle differences should be less than 90
• , the phase differences between adjacent QU vectors should be less than 180
• , making them uniquely determined in a four-quadrant plane. With the phase differences uniquely determined, the unwrapped polarization angles in each band are calculated by adding successively one-half of the phase difference between the QU vectors to the polarization angle of the chosen reference band A. Once unwrapped polarization angles are calculated, it is straightforward to calculate linear least-squares fit to the data, and therefore determine a RM for a given pixel (see equation 15 in the appendix).
Vallée (1980) discussed the importance of measuring RMs in the Faraday-thin, onecomponent regime for a given source. One technique to identify the Faraday-thin regime is to verify the linearity of the relationship between the polarization angle and λ 2 by testing the quality of the linear least-squares fit, using a basic 'probability of fit' test which compares the resulting best fit to the data (see, for example, Taylor 1997) . If the average probability of fit across the S:N-thresholded FWHM pixels is less than 10%, we conclude that the measurements are not consistent with a linear relationship resulting from a Faraday-thin regime and we discard the source.
Step 3: RM Calculation per Source
To obtain a single value for the RM of sources that have survived critical analysis to this point, we calculate the 'weighted average' using the RMs calculated from the appropriate pixels of the source. The weighted average for the source (RM w ) is calculated as
where w RMi is the weight of each pixel (equation 18 in the appendix) and the sum is over the S:N thresholded FWHM pixels.
The final selection criterion we impose is the verification that the calculated RM is well behaved over the pixels on the source. In particular, we want to ensure that assigning a single RM value to the source is appropriate. For example, if there is more than one component, this will be manifested as different RMs within the FWHM region, or perhaps as a gradient in RM across the source. A gradient across the source may also result from variations in the foreground which were not removed in the foreground subtraction method described in section 3.2. Whatever the cause, a single value of RM is not appropriate for the source, and we remove such sources from the RM catalogue.
For single value verification, we begin by assuming that any RM variations across the pixels within the FWHM region are due to errors produced by noise in the measurement and are therefore normally distributed. With this assumption, we apply the 'Reduced ChiSquared Test'. The reduced chi-squared, χ 2 r , is
where σ RMi is the uncertainty in RM for pixel i (see equation 17 in the appendix) and the number of degrees of freedom is equal to the number of pixels being averaged (N ) minus 1, since there is one constraint (RM w ) calculated from RMs of the FWHM pixels. If the value of chi-squared is within the parameters of the test (we have chosen the 95% confidence level), then our assumption is most likely correct. In particular, we expect that a calculated chi-squared would only fall above the identified cut-off level 5% of the time (and thus be thrown out), assuming a Gaussian distribution of errors.
Results
Using this procedure, we have examined over 700 polarized sources in the CGPS. Of these, 380 sources satisfied the criteria described in §3. Figure 4 is a plot of the extragalactic RM sources in the CGPS region. This figure highlights the density of the CGPS sources, which is approximately 1 source per square degree.
Prior to this work, there were roughly 800 extragalactic sources with published RM across the entire sky. Of these, approximately 120 have lines-of-sight primarily through the Galactic plane (|b| < 8
• ). The data presented here increases the number of extragalactic RM values by roughly 50% and the number of such sources with coordinates in the disk is more than quadrupled. Table 1 is a list of the RMs of the CGPS sources. The columns of the table are as follows: column 1 and 2, the source position in Galactic longitude (l) and latitude (b); columns 3 and 4, the source position in right ascension (α) and declination (δ); column 5, the integrated flux density estimated from the two-dimensional Gaussian fit parameters of the source in the final release CGPS Stokes I images; column 6, the average value of the fraction of linear polarization (m) across the S:N-thresholded FWHM pixels calculated from the interferometric data alone; column 7, the RM and error. The uncertainties in the values of the integrated flux densities are within ±10% (unless otherwise noted).
Many of the CGPS sources in table 1 have been previously identified in radio-source catalogs, but we could find previously determined RMs for only 5 of them. Eight other RM sources in the regions examined here had been previously identified, but did not pass our selection criteria. Table 2 compares the measurements from previous studies with those from the CGPS. The columns of table 2 are as follows: column 1 and 2, the source position in Galactic longitude (l) and latitude (b); column 3 and 4, previous RM measurements of the source; column 5, RM measurements from the CGPS; column 6, pass/fail indication for the CGPS measurement with respect to the procedure described in §3. As shown, source failure was often due to the χ 2 test, indicating a single value of RM could not be assigned to the source. In addition, most of the failed sources had insufficient polarization or the observation wavelengths of the ST were not within the Faraday-thin regime of the source. While the signs for all but one of the 'failed' sources are the same as the previously determined RMs, the difference in magnitudes range from 10% − 400%. Conversely, the difference between the 'passed' sources and previously measured RMs are all less than 30% (all but one are less than 20%). Of the sources that passed, small differences from previously measured RMs may be the result of differences in observation and calculation techniques. In addition, larger differences may be partially explained by time variations in the ISM along the line-of-sight to the source. The previously determined RMs are based on observations taken 10 − 20 years prior to the CGPS. Small perturbations in n e and/or B could account for some of the observed differences in RM. There may also be some contribution from time-variation effects from within the sources. • . The high latitude sample provides an estimate of the intrinsic RM distribution of extragalactic sources, since the effect of the intervening ISM is expected to be small at these latitudes. The CGPS sample has a broad negative tail and the peak is shifted relative to the high latitude sources by approximately 1 bin (100 rad m −2 ), indicating a general trend toward larger magnitude RMs for low latitude sources. The effect of the ISM in the Galactic disk is clearly present. The observed trends are consistent with the expected larger values of n e for lines of sight at low latitudes, as well as the higher concentration of the magnetic field in the disk. Understanding the latitude dependence of RM is important for understanding the vertical structure of the Galactic magnetic field. The density and location of the CGPS sources will provide an excellent opportunity to study this latitude dependence (Brown et al. in preparation) .
As well as the latitude dependence, the CGPS sources allow for the exploration of both the large and small-scale components of the magnetic field. For example, Brown & Taylor (2001) used these sources to show there is likely no reversal in the magnetic field direction beyond the solar circle, and that the distribution of the small scale field may be anisotropic. Future studies using these data and the additional data that will be available from the complete CGPS, will lead to significant advances in our knowledge of the Galactic magnetic field.
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APPENDIX: Error analysis
In this section we provide the key elements of the error analysis used to derive the errors in the RMs listed in table 1.
Uncertainty in Stokes Q and U
When a CGPS mosaic is created, the individual fields are combined with specific "weights" applied to the pixels of the field. The weight at the center of a field, which has been normalized to one, is larger than at the edge of the field so that the weight map of a mosaic has an inverted 'egg carton' appearance, as illustrated in figure 6.
An estimate for the uncertainty in each pixel (i) of Stokes Q and U for each band (j) is
where
Here, C QU , the rms noise in the center of an individual field map, is the scaling factor for the weights, w QU , and α c is a fractional constant of the Stokes I. By adopting equations 6 and 7, we are assuming the uncertainty in Q ij and U ij is band-independent. C QU is set equal to the noise-limited rms level (see §2). The term α c I is included to account for uncertainty in the instrumental polarization correction procedure. The adopted value of α c = 0.003 is the maximum mean difference between the band-dependent and band-independent polarization correction factors (see appendix E of Brown 2002).
Signal to Noise for Linear Polarized Intensity
Linear polarized intensity is defined as
The signal-to-noise (S:N) for the linear polarized intensity for a given pixel i is defined as (Papoulis 1984) :
Here, the noise variability is δL i , while the noise bias is the expected 'linear polarized intensity' in the absence of signal, or:
Thus, the S:N relation is
is the corrected linear polarized intensity.
Uncertainty in Polarization Angle
The polarization angle for a given pixel (i) in an given band (j) is calculated from Stokes Q and U using equation 2. The uncertainty in the angle is determined by the propagation of errors (assuming Q and U are independent to first order) and is given by
Taking the appropriate derivatives, and recalling that σ QUi = δQ ij = δU ij , the uncertainty becomes:
where L ij is the linear polarized intensity in the specified band at the specified pixel.
Uncertainty in RM
The slope of the least-squares fit line for equation 3 (ie. the RM for a given pixel i) is determined from the relation (Press et al. 1997 ):
λ j is the wavelength of band j, and the weights, w ij , are given by w ij = 1/δτ ij 2 . The resulting uncertainty in RM for the pixel i is
Using the uncertainty in the RM for each pixel to define the weights as
the uncertainty in the RM for the source is given as
where the sum is over the S:N thresholded FWHM pixels. 
Processed data: I, Q, U, (L )
Final RM source list.
Step 1
Step 2
Step 3 Discard Source a Two separate components in L (one or both passed) and two unresolved components in I. I value represents the combined integrated flux density.
b Two components in L (only one passed), but only one identifiable component in I. I value represents the integrated flux density of the whole source.
c One component in L and two unresolved components in I. I value represents the combined integrated flux density. 
